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Abstract- A grain model based on population balances for redox reactions of copper-
based oxygen carriers is developed. It considers the effects of grain size distribution 
and sintering, and a new expression for the aggregation frequency, which takes into 
account the sintering mechanisms and synthesis method, is deduced. In order to 
validate the model, six copper-based oxygen carriers were synthesized by excess wet 
impregnation and by incipient impregnation. They were characterized by BET surface 
area, BJH porosimetry, and SEM microscopy. Model results were compared with 
experimental data acquired by thermogravimetry during several redox cycles and the 
model was able to predict the conversion drop over the course of redox cycles due to 
sintering. It was found that copper-based oxygen carriers synthesized by incipient 
impregnation are more strongly affected by sintering than those prepared via excess 
wet impregnation, and finally it is shown that metallic copper sinters during oxidation, 
resolving a controversy in this regard that has existed in the literature. 
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1. INTRODUCTION 
 
Fossil fuel combustion is one of the main forms of energy generation; however, this 
technology releases large amounts of CO2 into the atmosphere as waste gas. 
Currently, advanced combustion technologies that capture and subsequently store CO2 
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are the main method for mitigating the environmental impact produced by these CO2 
emissions. Existing advanced combustion technologies include post-combustion, pre-
combustion, and oxy-fuel combustion; however, all of these technologies require 
additional energy and therefore reduce the overall efficiency of the process. Amongst 
CO2 capture technologies, a new process known as Chemical Looping Combustion 
(CLC) is receiving increasing attention. CLC allows for the separation of CO2 with low 
energy penalization, by using Oxygen Carriers (OCs) that are generally composed of a 
metallic oxide supported on an inert matrix. These OCs undergo redox reactions that 
allow for the inherent separation of CO2 in a cyclical process that takes place in two 
interconnected fluidized bed reactors. 
Some of the most studied OCs are the copper-based OCs, which have high oxygen 
transport capacity, high reactivity, exothermicity in both oxidation and reduction, and a 
low cost. Despite copper-based oxygen carriers had been discarded because of their 
tendency to sintering and agglomerating over the course of redox cycles, the have 
regained interest due to the recent improvement of the synthesis methods. De Diego et 
al [1] obtained agglomeration-resistant copper-based OCs by impregnating the active 
phase on Al2O3, and Gayán et al [2] found that copper-based OCs prepared by 
impregnation never agglomerate if these contain less than 20%w CuO. Maya and 
Chejne [3] determined that OCs  prepared by incipient impregnation require less 
precursor solution to obtain the same concentration of CuO in the Al2O3 support than 
those prepared by excess wet impregnation but they did not analyze the effect of 
sintering. As can be seen above, one of most important physical phenomena relating to 
copper-based OCs is the sintering, and therefore it must be thoroughly studied. 
 
Regarding sintering in copper-based OCs, there is still no conclusion. De Diego et al. 
[1] studied the agglomeration of copper-based OC particles in a fluidized bed using 
CH4 as fuel. They suggested that carbon deposition followed by its combustion during 
oxidation produces the melting/sintering of metallic copper. However, this theory was 
discarded because agglomeration also occurred when using H2 as fuel. It was also 
believed that metallic copper sintered during oxidation because of the temperature 
increase within the OC particle during the oxidation reaction. Nevertheless, García-
Labiano [4] and Maya & Chjene [3] modeled the redox reactions of OCs particles and 
they calculated temperature increases within the OC particle to be less than 10 K 
during oxidation. Hence, De Diego et al. [1] ruled out the possibility of copper sintering 
due to OC particle temperature increase, although at the bulk temperature at which 
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these authors performed their experiments (T=800 °C), metallic copper has a 
significant sintering rate [5].   
 
Another factor that hinders the understanding of sintering in copper-based OCs is that 
existing mathematical models to study redox reactions are usually very simplified, 
neglecting the effects of sintering and OC microstructure. Amongst the most widely 
used models to simulate the redox reactions of CLC are the so-called empirical models 
[6], which have good agreement with experimental data at low computational cost, but 
they require the fitting of parameters that have no physical meaning. Another widely 
used model in CLC is the Shrinking Core Model (SCM) [7], in which it is assumed that 
the particle is spherical and reacts at a reaction front, so the solid reactant core shrinks 
as the reaction proceeds and gases diffuse through the solid product layer. SCM can 
be correctly fitted to experimental data [8], [9]; however, it does not provide information 
regarding the development of OC microstructure during the redox reactions. To take 
into account microstructural changes of the solid, the so-called grain models are 
frequently used in CLC [4], [10]–[12]. In these models it is assumed that a particle is 
made up of many non-porous grains with uniform initial size that react following a 
shrinking core mechanism. Pores are located at the interstices between grains, so that 
gases can access the inner surface of particle. However, grain models have several 
flaws, as they assume that all OC grains have initial uniform size, which rarely occurs. 
In addition, grain models neglect the sintering phenomenon that is particularly 
important at typical CLC temperatures, which can result in a decrease of surface area 
accompanied by grain growth.  
 
In order to overcome the aforementioned shortcomings of grain models, improved 
models have been proposed in the literature. Ranade et al [13] and Manovic et al [14] 
used an enhanced  grain model wherein sintering was modeled as a phenomenon of 
grain combination, although the grain size distribution effect was omitted. Concerning 
grain models that consider the grain size distribution, Maya and Chejne_[3] proposed a 
grain model with an initial grain radius distribution, and Bhattacharya et al [15] used a 
population balance for predicting the variation of grain size distribution over time, but 
neglected sintering. Recently, the “Changing Grain Size Distribution Model” (CGSDM) 
[16] has been proposed, which takes into consideration grain size distribution and 
sintering phenomenon simultaneously, by defining a parameter known as aggregation 
frequency. This parameter indicates the rate of sintering; however, the authors took this 
parameter as constant, which is a significant simplification since the sintering rate 
strongly depends on grain size [17].  
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As can be seen above, a better understanding of the sintering in copper-based OCs is 
necessary from both a theoretical and experimental point of view. In this way, the aim 
of this paper is to study the effect of sintering in copper-based oxygen carriers 
synthesized by impregnation over the course of redox cycles. For this purpose, a 
mathematical model based on CGSDM that takes into account sintering and grain size 
distribution was developed. In addition, an expression for the aggregation frequency 
that allows for the consideration of grain size and the methods of synthesis was 
derived. The model was experimentally validated with data taken by thermogravimetry 
for the redox reactions of six copper-based OCs prepared by incipient and excess wet 
impregnation. 
 
2. THE MODEL 
 
The mathematical model developed in this paper to simulate the redox reactions is 
based on the so called Changing Grain Size Distribution Model (CGSDM) [16], but also 
considers the aggregation frequency variation over time. Figure 1 shows the scheme of 
the model for the oxidation reaction of a copper-based OC; however, this model applies 
equally for the reduction reaction. CGSDM supposes that an OC particle is formed by 
non-porous grains with non-uniform radius supported on an inert material also made of 
non-porous grains. Nonetheless, though the grains that make up the OC particle are 
considered non-porous, interstices between them constitute the OC particle pores, 
through which gas diffuses (See Figure 1a). Each grain in the OC particle reacts 
following a Shrinking Core Model Mechanism as is shown in Figure 1b. As reaction 
proceeds, grains of initial radii ′ and ′’ reduce their unreacted core radii ′ and ′,  
and increase their grain radii ′ and ′′ because the molar volume of the CuO solid 
product is larger than that of the Cu reactant.  At the same time as reaction occurs, 
grains can sinter with other adjacent grains by neck growth according to the widely 
known two-spheres model [17], as illustrated in Figure 1c. Thus, a grain of 
characteristic radii ′,  ’ and ′ combines with another grain of characteristic radii 
′′, ′’ and   to form a new grain of characteristic radii ,   and   preserving the 
volume (See Figure 1d). It should be noticed that sintering can occur simultaneously 
with the chemical reaction, so that 0 <  ≤  < . 
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Figure 1. Scheme of the model for the OC oxidation reaction. 
  
 The model assumptions are shown below: 
 
• In SEM images , it has been observed that many OCs have a granular 
structure [3], [8], [18]. Hence, it is reasonable to suppose that the OC particle is 
spherical and made of nonporous spherical grains.  
• Since the inert support is not significantly affected by sintering, which 
may produce densification [17], it is assumed that the OC particle retains its 
spherical shape and diameter during the reaction. 
• Four resistances for the reaction are considered: external diffusion, 
internal diffusion between pores, diffusion through solid product layer, and 
surface chemical reaction. 
• From observations of SEM micrographs and porosimetry measurements, 
it has been determined that grains of copper-based OCs have non-uniform 
sizes [3], [16]. Therefore, it is assumed that, at the beginning of the reaction, 
grain sizes are distributed non-uniformly. 
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• It has been found that the transient temperature change inside the 
copper-based OCs particles during the redox reactions of CLC is very small 
(<10 K) [4]. Thus, for the sake of simplicity, it is supposed that the process 
occurs under isothermal conditions.  
• The reaction to study is: 
 +  →  +  
• Sintering is modeled as a phenomenon of grain coalescence, since this 
approximation allows the representation of the main effects of the sintering 
(surface area reduction and grain growth [19]) with a minimum number of 
parameters to adjust. 
• Since sintering rate depends on the grain size [20], which changes over 
time, the aggregation frequency is also considered as a time dependent 
function.  
 
2.1. Balance of Matter  
 
The mass balance for the OC particle taking into consideration the mass transfer by 
diffusion and the chemical reaction is given by: 
 
  !" # = %&   % '(,)*  !" % + − -)  (1) 
 
Subject to 
 !"
 % = 0     at   R=0 
−()  !" % = ./),0 − ),12    at    R=Rp 
 
Where  is the porosity, ) is the concentration of gas A in the pore, (,) is the effective 
diffusion coefficient of gas A, -)  is the volumetric reaction rate, and *  is the radial 
coordinate within the OC. The external mass transfer coefficient . can be calculated 
from the Sherwood number as follows:  
 
ℎ = 456789," = 2 + 0.6*=>
 ? @ ?
 
 
(2) 
 
  
7 
 
where >  is the particle diameter, A,)  is the gas molecular diffusivity, *=>  is the 
particle Reynolds number and @
 
is the Schmidt number. 
 
The volumetric reaction rate is expressed as an average over the domain of B : 
-) = −CA,D E 6F6# 4HI B  (3) 
  
where B is the density distribution function referred to the radius  and CA,D is the solid 
molar density. The shrinkage rate of the unreacted cores is given by the following 
equation [21]: 
6F
6# = − 4!"J9,KLM NOPFQRFFF5ST
  
(4) 
 
where 0 is the gas diffusivity in the solid product layer, . is the reaction rate constant. 
The radii ,  and   are related by the following equation: 
 = U + 1 − U  (5) 
 
where = J9,KJ9,W . Thus, by differentiating equation (5) with respect to time it is possible to 
obtain an expression for the change in grain radius  
 
65
6# = 1 − U QF
&
5&S '
6F
6# +  (6) 
 
The effective diffusivity depends on the porosity and the gas diffusivity 
(,) = ,)  (7) 
 
where the gas diffusivity ,) is given as a function of the Knudsen diffusivity X,) and 
the molecular diffusion coefficient Y,) as follows: 

85," =

8Z,"7[[[ +

8\,"  
(8) 
 
The Knudsen diffusion coefficient is computed from  
X,) = 97>_ ` aY"       (m2/s) 
(9) 
 
where b) is the molecular weight of A, c(K) is the temperature and >_  (m) is the mean 
pore radius given by 
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>_ = 2 dD  (10) 
 
The molecular diffusion coefficient is calculated from the widely known Chapman–
Enskog equation [22]. 
 
2.2. Population balance 
Since grain radii are non-uniformly distributed at the beginning of the reaction, the 
evolution of the grain size distribution function must be computed using the following 
population balance 
 ef
 # +   f g'
 f
 # + Bhi − j +  = 0  (11) 
 
where Bh  is the grain radius density distribution function referred to grains of radius 
k = , ,  . The second term of LHS represents the rate of change of grain radius 
distribution function due to chemical reaction and the terms of birth and death, j and  
respectively, represents the sintering phenomenon, i.e. when two grains are combined 
because of sintering, those grains are lost and a new larger grain is born, preserving 
the volume. The mathematical forms of the birth and death terms as explained in detail 
by Maya and Chejne [16] are shown below: 
 
j = f& E
lQ/fmRfm2
n m? ,fSefQ/fmRfm2
n m? Sef/f26f
/fmRfm2
& m?
f
   
(12) 
 
 = Bh/h2 E β/h, h′2Bh/h′2h′I   
  
(13) 
where β is the aggregation frequency, which is a “measure” of the rate at which grains 
are combined. In this paper, the population balance equation was transformed into 
moments equations that are easier to solve. Thereby, multiplying equation (11) by hp, 
integrating from 0 to ∞ and reversing the integration order we obtain 
 
  
6rf,s
6# − t 〈hpR
6f
6# 〉 + E hpBh/h2 E βI /h , h´2Bh/h´2h´hI −

 E BhI /h´2 E βI /h´´, h´2/h´´ + h´2
p ? Bh/h´´2h´´h´ = 0 
 
(14) 
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where xh,p = E hpBhhI . Moments are related with properties of the particles system 
that are easily measurable. For example, for a system of spherical grains the specific 
surface area is related with the second moment as is shown below 
*,  = 4H/x,*,  + x,yp(#2  (15) 
  
where x,yp(#  is the second moment of the inert support, which is assumed as a 
constant. The third moment is related to porosity by 
1 − *,  = z H/x,*,  + x,yp(#2   (16) 
 
where x,yp(# is the third moment of the inert support that is assumed constant during 
the reaction. The mean grain radius is function of the first and zero moments by the 
following equation: 
_ = r5,nr5,{  (17) 
 
Finally, the local conversion is expressed as a function of third moments as follows  
|*,  = 1 − rF,m%,#r},m   (18) 
  
Nevertheless, local conversion is a variable that is difficult to measure experimentally.  
Therefore, the average conversion, which is easier to measure, is calculated by 
integrating local conversion over the entire particle radius 
|[ = 3 E %&6%
{
%m   
(19) 
 
2.3. Aggregation frequency  
In the original version of CGSDM [16], it was assumed β as constant, which rarely 
occurs, since this variable commonly depends on temperature, grain radius and the 
intrinsic properties of the studied phenomenon. Hence, this paper proposes a new 
mathematical expression for the aggregation frequency that considers the effects of 
grain size, temperature, sintering mechanisms and structural characteristics of the OC. 
For deducing the mathematical form of the aggregation frequency, a similar procedure 
to that made by Schmid [23] in the simulation of aerosol coagulation was followed. 
Assuming that the OC inert support is covered by interconnected grains (i.e. neck 
growth between adjacent grains occurs), and by solving the zero moment equation for 
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a very small time step so that aggregation frequency can be assumed as constant, we 
obtain: 
xh, + ∆ = rf, {#M n&r5,{#∆# =
rf,{#
M∆
  
(20) 
 
where  is the aggregation frequency if grains are in contact with their adjacent grains, 
so that neck growth is possible. The variable  = Q  x,S
R
 is the frequently called 
Smoluchowski time, which represents the time in which the initial number of particles is 
halved. The physical meaning of this variable depends on the process that is being 
modeled (e.g. in bubbling processes  is the average required time for two bubbles to 
coalesce [24], and in coagulation processes  represents the average time in which a 
particle experiences a collision [25]). For the phenomenon studied in this paper,  
represents the average time in which two grains coalesce completely by cause of 
sintering, and since the approach adopted in this paper is consistent with the widely 
used two spheres model for the initial stage of sintering,   can be reasonably 
approximated to the characteristic sintering time 0 [26]–[29]. The mathematical form 
of 0 for grains connected by a neck  is shown below [26] 
0 = 5[[[
9#
a   
(21) 
where _  is the mean grain radius,   is temperature dependent function commonly 
expressed by an Arrhenius type equation, and  is a mechanism dependent exponent 
known as the Herring scaling law exponent. Thus, replacing equation (21) in equation 
(20) we get the following expression for  
 
 = a5[[[9#n&r5,{#  
(22) 
It must be noted that in the expression for   derived here an average characteristic 
sintering time was used, with which a very good fit to experimental data was obtained. 
However, 0 may depend on the sizes of the grains connected by necks, so that a 
future improvement in the mathematical form of  may include the 0 dependence on 
grain radii. On the other hand,  should be corrected because its deduction was made 
from the assumption of interconnected grains; however, this not always the case in a 
disperse matrix. Hence, in this paper we propose the following expression for the "true" 
aggregation frequency  
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 =   (23) 
 
where   is the probability of contact between grains, which is a measure of the 
possibility that adjacent grains can form necks i.e.  indicates how close the grains are 
on the inert support. In this work, it was reasonably assumed that  is proportional to 
the number of grains per surface area unit of the inert support, as is shown below 
 =  r{,5#rsF,&  (24) 
 
where   is a proportionality constant. Finally, replacing equations (22) and (24) in 
equation (23), the true aggregation frequency yields 
 = Ƙa5[[[9#xt=,2  (25) 
 
where Ƙc =   ⁄   and therefore is an Arrhenius type function as . It should be 
noted that the aggregation frequency proposed in this work takes into account the 
structural characteristics of the OC, as are the number of grains per surface area unit 
of the inert support, the mean grain radius and, moreover, it also considers the effect of 
temperature and type of mechanism involved in sintering. On the other hand, it is 
interesting to note that the mathematical form for the aggregation frequency proposed 
here  =  is analogous to expressions used in other widely studied phenomena 
[30]–[32], where  is usually expressed as the product of the collision frequency and 
the collision efficiency. The collision frequency represents the probability of collision 
between two particles, and the collision efficiency describes what happens when these 
particles collide. In the phenomenon studied in this paper,   is a measure of the 
probability that two grains are in contact in the inert support, and  represents what 
happens when those grains are connected by a neck. 
 
3. EXPERIMENTAL 
3.1. Synthesis and characterization 
Impregnation on alumina has been recognized as one of the best copper-based OCs 
synthesis technique. Hence, in this work two of the most commonly used impregnation 
techniques are compared in order to determine which one is the most appropriate for 
CLC. Thereby, six copper-based OCs were synthetized, three of them by excess wet 
impregnation and the other three OCs by incipient impregnation. The steps of the 
synthesis of each technique are shown below. 
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Excess Wet Impregnation: (1) commercial alumina powder Puralox NWa-155 was 
immersed in a Cu(NO3)2.3H2O solution for 12 hours with stirring at room temperature; 
(2) the resulting solution was filtered under vacuum; (3) the obtained material was dried 
at 60 °C for 24 hours; (4) the sample was calcined in air for 10 h at 600 °C. 
 
Incipient Impregnation: (1) the alumina was maintained under vacuum at 65 °C for 2 h; 
(2) a solution of Cu(NO3)2.3H2O was added until saturation and left for 30 min; (3) the 
sample was dried at 100 °C for 3 h to evaporate the solvent; (4) the obtained solid was 
calcined in air for 10 h at 600 °C. 
 
The OCs were characterized with scanning electron microscopy (SEM) by using a SEM 
JEOL JSM 5910 LV apparatus with BES and SEI detectors for images generation. 
Additionally, surface area determination and porosimetry were performed by adsorption 
and desorption of nitrogen with a Micrometrics ASAP 2020 (Accelerated Surface Area 
and porosimetry System) adsorption analyzer. The properties of the OCs and details of 
the synthesis are shown in Table 1. 
 
Table 1. Properties of the oxygen carriers 
Oxygen 
Carrier 
%w 
CuO 
Concentration 
Cu(NO3)2 (M) 
Number of 
impregnations 
Porosity Specific 
Surface 
area 
(m2/g) 
Mean 
CuO Grain 
radius 
(nm) 
W16 16.2 1.5 2 0.51 102 175 
W20 20.1 1.5 3 0.47 98 181 
W23 22.9 2.0 3 0.44 92 185 
I17 17.1 0.5 1 0.44 49 194 
I20 20.2 1.0 1 0.41 47 199 
 
I24 23.8 0.5 2 0.38 44 205 
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For simplicity, the following nomenclature was used to denominate each OC. The first 
letter indicates the type of impregnation (W=excess wet impregnation, I=incipient 
impregnation) and the number specifies the CuO content.  It can be seen in Table 1 
that the incipient impregnation requires less concentrations of precursor solution and a 
fewer number of impregnations to obtain similar amounts of CuO on the OCs than 
excess wet impregnation. Nevertheless, the surface area of OCs prepared by incipient 
impregnation is almost half of those synthesized by excess wet impregnation, which is 
due to pore blockage that occurs during incipient impregnation [3]. 
 
3.2. Kinetic parameters determination 
In order to validate the model developed in this paper, tests were performed in a 
thermogravimetric balance LINSEIS STA PT1600, with weight and temperature 
resolutions of 0.5 µg and 1/20 K respectively. The reactions that were carried out in the 
thermogravimetric balance are: 
Reduction: 
 +  →  +   (26) 
 
Oxidation: 
 ?  +  →   (27) 
 
For determining kinetic parameters, the model was fitted to experimental data of 
conversion over time under conditions of surface reaction control [16]. These 
conditions in the thermogravimetric balance were achieved by using a particle size of 
≈ 150 x to avoid intra-particle diffusional problems and a sample amount of 12.1 mg 
to remove the inter-particle mass transfer resistance. The H2 flowed during 10 min, 
which was followed by He purge for 1 min and subsequently O2 was allowed to flow for 
10 min. For the purpose of minimizing the external mass transfer resistance; the 
maximum allowable gas flow of 200 cm3 STP/min was used. Kinetic parameters were 
fitted by linear regression (Arrhenius plot). The calculated values with their respective 
statistical indicators (error bars, 95% confidence intervals (CI) and coefficients of 
determination R2) are reported in Table 2. 
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Table 2. Kinetic parameters for the oxidation and reduction reactions. 
Parameter Value Error bar 95% CI R2 
Reduction 
Activation energy (kJ/mol) 37 1 35-38 0.9995 
Pre-exponential factor (m/s) 3.6 x 10-3 6 x 10-4 3.0 x 10-3-4.2 x 10-3 
Oxidation 
Activation energy (kJ/mol) 12 2 10-14 0.9895 
Pre-exponential factor (m/s) 4.9 x 10-4 1.3 x 10-4 3.6 x 10-4-6.2 x 10-4 
 
3.3. Redox cycles  
Thus, since the aim of this paper is to analyze the effect of the sintering of copper-
based oxygen carriers synthesized by impregnation over the course of CLC cycles, 
several redox cycles in thermogravimetric balance with H2 (2%) and O2 (4%) for 
reduction and oxidation respectively, were performed. H2 was allowed to flow for 15 
minutes, then purged with He for 1 min and afterwards O2 flowed for 15 minutes, 
completing the redox cycle. A particle size of ≈ 450 x was used. The very low gas 
concentrations are used so that sintering occurs simultaneously with chemical reaction 
for as long as possible. Each experiment was performed three times and an average of 
the measured data was taken. 
 
Although oxidation and reduction commonly occur at different temperatures, validation 
over several redox cycles by using themogravimetric measurements is very difficult if 
considerably different temperatures are used in the two reactions. Therefore, equal 
temperatures for both reactions were used in the experiments of this work. Most of the 
tests were carried out at a temperature of 800 °C, and some other tests were 
performed in the temperature range 700 °C-900 °C. The selection of these 
temperatures for the experimental measurements is based on the following reasons: 
(1) in the scientific literature, numerous studies in which Cu-based OCs are tested at 
800 °C [1], [2], [10], [33] can be found, so it is important for the reader to be provided 
with data taken at this temperature; (2) several commercial CLC systems operate at 
higher temperatures; however, under these conditions the formation of compounds [1] 
that may affect the measurements is possible; (3) in the temperature range 700 °C-900 
°C, it is possible to clearly observe the effect of sintering on the conversion, which is 
the main objective of this paper; (4) to experimentally validate the model it is necessary 
that sintering takes place simultaneously with the chemical reaction for as long as 
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possible. In this way, it is necessary to avoid very high temperatures, since under these 
conditions the chemical reaction is much faster than sintering. 
 
3.4. Fitting of aggregation frequency and initial pore size distribution  
Aggregation frequency β depends on two parameters: a sintering kinetic constant Ƙc 
and the Herring scaling law exponent. This is the minimum amount of parameters 
necessary to describe the sintering kinetics at the initial stage [17], [34]. The parameter 
Ƙc and the exponent  were fitted from experimental data of conversion vs time at 
different temperatures by using the Matlab Optimization Toolbox™. The initial grain 
size distribution function was derived from the initial pore size distribution by using the 
so-called pore-to-sphere factor as explained in detail in previous works [3], [16]. 
Approximately Gaussian grain size distributions were calculated for all of the OCs. 
 
4. RESULTS AND DISCUSSION 
For validating the model, experimental data measured by the thermogravimetric 
balance over the course of redox cycles were compared with the model predictions. 
However, since Thermogravimetric balance measures the weight changes, the 
following equations were used to convert weight measurements into average 
conversion. 
 
|(6 = A}RAA}RAF  (28) 
 
| = 1 − |(6  (29) 
 
where  is the instantaneous mass of the OC,   is the mass of the completely 
oxidized OC and (6 is the mass of the completely reduced OC. 
Since several redox cycles were carried out in the experiments, data calculated by the 
model at the end of a reaction were considered the input data for the subsequent 
reaction simulation. 
 
Figure 2 depicts the predictions of the current model for the oxidation of I20 and W20 in 
the first cycle, showing remarkable fit to the experimental data. Predictions of the 
widely used Changing Grain Size Model (CGSM), which does not consider the effects 
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of grain size distribution and sintering, are also shown in Figure 2.  It is observed that 
CGSM over-predicts conversion at the end of the reaction, whereas the model 
developed here has a good agreement with the experimental data for the whole 
reaction. Furthermore, one can see that although two OCs have the same amount of 
CuO, W20 reacts completely in approximately 6.1 min, while I20 completely reacts in 
6.8 min. The latter is because of W20 has a larger porosity than I20, so there are less 
diffusive restrictions during W20 oxidation. 
 
 
 
 
Figure 2. Comparison between grain models for the oxidation reaction at 800 °C. 
 
Figure 3 shows the predictions of model of this paper for the reduction of W20 and I20 
for the initial cycle. The model developed here has good agreement with experimental 
data, and again CGSM shows weak fit with the thermogravimetric measurements. In all 
the reduction simulations, aggregation frequency was set equal to zero since it was not 
observed to be an important effect of the sintering on conversion for the reduction over 
the course of redox cycles, which agrees with observations of other authors [1]. On the 
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other hand, the sintering effect on conversion was very remarkable for the oxidation 
reaction. Thus, hereinafter only the oxidation will be studied. 
 
 
 
Figure 3. Comparison between grain models for the reduction reaction at 800 °C. 
 
The development of conversion for the oxidation reaction of all the OCs prepared by 
excess wet impregnation at cycles 1 and 13 is shown in Figure 4. Predictions of the 
model developed in this paper fit the experimental data remarkably well for both cycles, 
and it was also possible to predict the drop in conversion over the course of redox 
cycles due to sintering. In Figure 4, it can be observed that OCs with less than 20%w of 
CuO do not suffer a significant decrease in conversion over the course of redox cycles, 
in agreement with the experimental observations of De Diego et al [1]. 
 
  
18 
 
 
Figure 4. Effect of sintering on oxidation conversion for cycle 1 (above) and for cycle 13 
(below) for the OCs synthesized by excess wet Impregnation (T=800 °C). 
 
Figure 5 shows the conversion evolution for the oxidation reaction of all the OCs 
synthesized by incipient impregnation at cycles 1 and 13. In this case, the sintering 
effect on conversion is stronger in comparison to the OCs prepared by excess wet 
impregnation. This effect is particularly significant for the oxidation of I24, in which the 
so-called "die off" phenomenon occurs at cycle 13. This happens because sintering 
causes the intra-grain mass transfer resistance to become so high that gas can-not 
continue its diffusion through the product layer and the reaction is stopped. In this case, 
the model slightly over-predicts conversion because of a small reduction of the OC 
porosity that increases the intra-particle mass transfer resistance. This decrease in 
porosity has also been reported by other authors [2], [12], and it is probably due to the 
sintering [12], that has a stronger effect on the OCs with higher CuO content. The 
measured I24 porosities before cycle 1 and after cycle 13 were 0.38 and 0.36 
respectively.  
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Figure 5. Effect of sintering on oxidation conversion for cycle 1 (above) and for cycle 13 
(below) for the OCs synthesized by incipient impregnation (T=800 °C). 
 
Figure 6 and 7 illustrate the effect of the number of grains per surface unit of the inert 
support on the sintering rate along the redox cycles. In Figure 6, which shows the 
particle outer surface of W20 and I20 at initial conditions, it can be observed that I20 
grains are much closer than W20 grains. Hence, I20 has a smaller number of grains 
per surface area unit of the inert support at the outer surface than W20, so I20 is much 
more prone to be sintered by forming necks between adjacent grains than W20. The 
latter is confirmed in Figure 7, which shows the outer surface of I20 and W20 after 
cycle 10. In this figure, one can observe that W20 only has some grain clusters 
whereas I20 shows large grain agglomerates.  
 
 
 
  
 
Figure 6. SEM images (BES detectors
cycles. 
 
Figure 7. SEM images (BES detectors
cycle 10. 
 
Moreover, as mentioned above it has been found that copper
with CuO concentrations under 20%
content have a greater number of grains per surface area unit of the inert support 
therefore is unlikely that grains form nec
 
The model presented in this paper is able to predict the redox reactions of copper
based OCs synthesized by differ
aggregation frequency. It considers the structural characteristics that each OC 
develops depending on the synthesis method
area, the number of grains on the support and the grain size
mentioned above, the aggregation fr
20 
) of W20 (left) and I20 (right) before redox 
) of W20 (left) and I20 (right) just after 
-based OCs synthesized 
w do not sinter. This is because OCs with low CuO 
ks with its adjacent grains.  
ent methods, because of the use of a
, such as the support available surface 
. Furthermore, as it was 
equency proposed here takes into consideration 
 
 
redox 
and 
-
 variable 
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the effect of temperature and the operating solid-state diffusion mechanism in sintering. 
Hence, the main advantage of the model developed in this paper, which is a significant 
improvement compared to the original CGSDM [16], is the use of a variable 
aggregation frequency that also has a physical meaning. This can be better explained 
with Figure 8, where the effect of the kind of aggregation frequency on the model 
predictions for the I20 oxidation at cycles 5 and 13 is shown.  
 
 
Figure 8. Effect of the aggregation frequency on the model predictions for I20 oxidation 
at 800 °C. 
 
In Figure 8, it can be seen that the variable aggregation frequency proposed here fits 
fairly well the experimental data for both cycles; however, when a constant aggregation 
frequency of 2.2*10-22 m3/s is used in order to get good agreement with experimental 
data for cycle 4, the model under-predicts conversion at cycle 13. In contrast, when a 
smaller constant aggregation frequency of 1.2*10-22 m3/s is used to obtain an 
appropriate fit with experimental data for cycle 13, the model over-predicts conversion 
for cycle 4. The foregoing is because the sintering rate, at constant temperature, 
decreases with time until it becomes zero when thermodynamic equilibrium is reached 
[35]. Hence, the sintering effect on conversion reduces with the course of the redox 
  
22 
 
cycles, and consequently  must be a decreasing function over time. This is consistent 
with the expression derived in this paper (Equation (25)), which decreases along the 
redox cycles since the mean grain size increases over time owing to sintering. 
 
Figure 9 depicts the temperature effect on conversion for the W20 oxidation for cycle 
13, and again the model developed here has notably good agreement with 
experimental data. Due to thermodynamic factors [36], the oxidation reaction at 900 °C 
is expected to be slower than at lower temperatures. However, the overall oxidation 
rate is also expected to be larger at 800 °C than at 700 °C [12], [33],which is not 
observed in Figure 9. The latter is due to the fact that, under experimental conditions 
far from the thermodynamic equilibrium (700 °C and 800 °C), the chemical reaction and 
sintering are competitive phenomena. Under these conditions, as temperature 
increases, the sintering rate, grain size and the intra-grain mass transfer resistance 
also grow. The increase in grain size, which strongly depends on temperature, 
continues over the course of the redox cycles progressively reducing the overall 
reaction rate. Thus, for the cycle 13, we computed mean grain radii of 141 nm and 167 
nm for 700 ºC and 800 ºC respectively. 
 
From the measurements at different temperatures shown in Figure 9, an activation 
energy value of 199 ±15 kJ/mol for Ƙc was calculated, which belongs to the range of 
activation energies for lattice diffusion of metallic copper found by other authors (180  
to 222 kJ/mol [5]). Furthermore, the best fit with the experimental data was obtained 
with  = 3.3, which is very close to what has been reported in the literature for the 
lattice diffusion mechanism ( =3 [37]). 
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Figure 9. Effect of temperature on oxidation conversion of W20 at cycle 13. 
It can be seen that the model slightly over-predicts conversion at 900 °C because there 
is a small densification of the OC particle which, as mentioned above, is due to the 
sintering phenomenon that is stronger at higher temperatures. This decrease in the OC 
porosity (the measured W20 porosities before cycle 1 and after cycle 13 were 0.47 and 
0.44 respectively) indicates that the operating sintering mechanism produces 
shrinkage, which commonly occurs when sintering is controlled by lattice diffusion or 
grain boundary diffusion. 
 
The above is proof that sintering of metallic copper is a phenomenon involved in the 
oxidation reaction of copper-based OCs. Additionally, the sintering of metallic copper is 
very feasible during oxidation since the CuO layer that forms over the Cu because of 
chemical reaction is partially soluble and promotes sintering of the metallic copper [38], 
[39]. 
 
 
5. CONCLUDING REMARKS 
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• Six Copper-based OCs were synthesized by incipient impregnation and excess 
wet impregnation. OCs were characterized with BET surface area, SEM microscopy 
and BJH porosimetry. From experimental data taken by thermogravimetry over the 
course of several redox cycles, it was found that copper-based OCs synthesized by 
incipient impregnation are more strongly  affected by sintering over the course of redox 
cycles than OCs prepared by excess wet impregnation. This is due to the fact that OCs 
synthesized by incipient impregnation have a significantly lower number of grains per 
unit surface area of the inert support than OCs prepared by excess wet impregnation. 
Hence, it is concluded that one of the most important factors in the synthesis of copper-
based OCs is the available surface area of the support, which defines how close the 
grains are, and consequently the probability of forming necks between them. 
 
• A mathematical model for the redox reactions of copper-based OCs based on 
the CGSDM was developed. The model showed excellent agreement with 
experimental data taken by thermogravimetry and it was possible to predict the drop in 
conversion that happens over the course of redox cycles. The main improvement of the 
model developed in this paper in comparison with the recently published CGSDM is the 
use of a variable aggregation frequency. This was deduced by using reasonable 
assumptions, and takes into account the operating sintering mechanisms and the 
microstructure of the OCs synthesized by different methods. This expression involves 
physical meaningful variables, and showed better agreement with experimental data 
than constant aggregation frequencies used in the original version of CGSDM. 
• It was found that the activation energy for the aggregation frequency is close 
to the activation energy for the lattice diffusion of metallic copper calculated by others, 
and the calculated value of the exponent  indicated that sintering in copper-based 
OCs is governed by the lattice diffusion mechanism. Additionally, it is known that during 
oxidation Cu sintering is activated by the CuO layer forming around Cu, which leads to 
the conclusion that metallic copper sinters during the oxidation reaction, and this is 
probably what causes the particle agglomeration inside the fluidized bed. 
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Highlights 
 
• The sintering effect on reactivity of Cu-based OCs depends on the 
synthesis method 
• A model based on population balances is developed and experimentally 
validated 
• A mathematical expression for the aggregation frequency is proposed 
• Metallic copper sinters during oxidation in the Chemical Looping 
Combustion process 
 
 
 
 
 
 
 
